Cirrus clouds are ubiquitous in the tropical tropopause region and play a major role in the Earth's climate. Any changes to cirrus abundance due to natural or anthropogenic influences must be considered to evaluate future climate change. The detailed impact of cirrus clouds on climate depends on ice particle number, size, morphology, and composition. These properties depend in turn on the nucleation mechanism of the ice particles. Although it is often assumed that ice nucleates via a homogeneous mechanism, recent work points to the possibility that heterogeneous ice nucleation is important in the tropical tropopause region. However, there are very few studies of depositional ice nucleation on the complex types of particles likely to be found in this region of the atmosphere. Here, we use a unique method to probe depositional ice nucleation on internally mixed ammonium sulfate/palmitic acid particles, namely optical microscopy coupled with Raman microscopy. The deliquescence and efflorescence phase transitions of the mixed particles were first studied to gain insight into whether the particles are likely to be liquid or solid in the tropical tropopause region. The ice nucleating ability of the particles was then measured under typical upper tropospheric conditions. It was found that coating the particles with insoluble palmitic acid had little effect on the deliquescence, efflorescence, or ice nucleating ability of ammonium sulfate. Additional experiments involving Raman mapping provide new insights into how the composition and morphology of mixed particles impact their ability to nucleate ice.
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coated | inorganic | organic | spectroscopy C irrus clouds, composed of ice, are ubiquitous in the upper troposphere. In particular, subvisible cirrus in the tropical tropopause region are thought to be frequently present (1) and play a major role in controlling the entry of water vapor into the stratosphere. The clouds are also important for climate because they are optically thin in the visible wavelength range, allowing most solar radiation to reach the Earth's surface. In contrast, the clouds are strong infrared absorbers and contribute to greenhouse warming.
Although cirrus clouds are ever-present in the tropical tropopause region, the precise mechanisms governing their formation have eluded scientists for many years. The particles available for ice nucleation in the upper troposphere are complex and ice concentrations are low (<1 in 100 particles nucleate ice) (2) making direct measurements difficult. Thus, there is currently a high degree of uncertainty associated with the impact of cirrus clouds on global climate (3) . Understanding the precise mechanisms governing cirrus cloud formation is critical to our understanding of how natural processes and anthropogenic activities impact cloud origination and global climate.
Ice formation is known to occur via homogeneous or heterogeneous mechanisms. The pathway by which cloud formation occurs depends on the atmospheric conditions and phase of the aerosol present (4). Homogeneous nucleation occurs when an ice germ within an aqueous solution droplet stimulates ice formation. In contrast, heterogeneous ice nucleation can occur when ice formation is catalyzed on a solid surface such as a dust particle. Historically it has been thought that homogeneous ice nucleation is the dominant mechanism controlling cirrus formation in the upper troposphere because particles present in this region are assumed to be aqueous droplets.
Recent field observations and modeling studies have provided unique insights into the processes underlying ice nucleation. They have also revealed fundamental uncertainties in our understanding of cirrus cloud nucleation. Some measurements and remote sensing observations do not support the idea that homogeneous nucleation is the predominant mechanism for thin cirrus formation near the tropical tropopause (i.e., refs. 1, 5). For example, modeling studies by Jensen et al. (1) suggest that a cirrus formation mechanism dominated by heterogeneous ice nucleation would more accurately mimic observations of ice number concentrations and ice size distributions. Additional laboratory studies have revealed that model atmospheric particles containing soluble organic compounds form glasses which inhibit homogeneous ice nucleation (6, 7) . However, many species known to be highly efficient heterogeneous ice nuclei (IN), such as mineral dust, are depleted in the tropical tropopause region. Furthermore, recent measurements imply that the particles present in this region are predominately composed of sulfate and organic species (5) .
Laboratory studies have shown that pure solid ammonium sulfate is an efficient IN (8) (9) (10) (11) (12) . Thus, Jensen et al. (1) hypothesize that heterogeneous nucleation on dry ammonium sulfate or dry mixed ammonium sulfate/organic particles may be an important mechanism for cirrus formation in the tropical tropopause region. However it remains unclear whether the sulfate/organic particles in the tropical tropopause region are likely liquid or solid because the temperature-dependent phase transitions (deliquescence and efflorescence) have not been established for mixtures. Further, although previous laboratory studies have shown that pure organics are poor heterogeneous ice nuclei, studies of the heterogeneous ice nucleating ability of internal mixtures of sulfates with organics are not available.
Motivated by these questions, the present study uses a combination of optical microscopy and Raman spectroscopy to probe the effect of organic species on the phase transitions and ice nucleating efficiency of solid ammonium sulfate particles containing a coating of insoluble organic material. This combination of techniques gives unique insights into the dependence of ice nucleation on chemical composition, phase, and particle morphology.
Results
Deliquescence and Efflorescence. To determine if solid particles are likely to exist in the atmosphere where cirrus clouds form, it is necessary to establish the deliquescence (phase transition from solid to solution) and efflorescence (phase transition from solution to solid) relative humidities (RH). At temperatures This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: tolbert@colorado.edu. near 298 K, it is widely accepted that pure ammonium sulfate deliquesces at 80% RH and effloresces at 35% RH (i.e., refs. 13, 14) . Although there is little temperature-dependent data available, Onasch et al. (15) found that the deliquescence RH (DRH) for ammonium sulfate increases slightly as the temperature of the particles decrease, but that the efflorescence RH (ERH) is independent of temperature. Similar DRH and ERH for mixed ammonium sulfate/organic particles are not available as a function of temperature. Using the Raman microscope setup described here, the water uptake characteristics of ammonium sulfate, ammonium sulfate coated with palmitic acid, and palmitic acid particles were studied over the temperature range 235-265 K.
A typical water uptake experiment performed for ammonium sulfate at 245 K is presented in Fig. 1 . Each panel shows the Raman spectrum collected at a particular RH from the ammonium sulfate particle pictured above the crosshairs in the inset. The RH at which ammonium sulfate took up water was difficult to determine visually because the particles were essentially spherical when dry. However, water uptake was evident in the Raman spectrum when a peak with a maximum at approximately 3; 500 cm −1 appeared. In the experiment shown in Fig. 1 , the ammonium sulfate particles began to take up water at approximately 82.5% RH (Fig. 1C) . If the RH was reduced at this point, the particle would lose water and return to its original state ( Fig. 1  A and B) . Therefore, at 82.5% RH, the particle had some water associated with it, but it did not deliquesce. Furthermore, additional water uptake experiments showed that if the RH was held constant (just below 83% RH) for approximately 30 min, the particles did not deliquesce. This phenomenon was also observed by Wise et al. (16) in their studies of water uptake by salt particles using an environmental transmission electron microscope.
At 83.1% RH (Fig. 1D) , the ammonium sulfate particles deliquesced. Deliquescence was accompanied by a large increase of the water peak in the Raman spectrum as well as a discernible increase in the physical size of the particle (as seen in the optical image). This result is consistent with the DRH determined by Onasch et al. (15) at 245 K for freely floating particles. After deliquescence, the RH in the environmental cell was decreased until efflorescence was observed (Fig. 1F ). This transition was accompanied by the disappearance of the water peak in the Raman spectrum. For this experiment, efflorescence occurred at 32.6% RH. This result is consistent with the ERH determined by Cziczo et al. (13) for freely floating particles. Thus the substrate does not appear to affect the water uptake and loss properties of ammonium sulfate particles. In A-C, relative humidity is increased in the environmental cell until the particles deliquesce (D). Deliquescence is indicated spectroscopically by a large peak at ∼3; 500 cm −1 in the Raman spectrum and indicated visually by an increase in size of the particles. After deliquescence, relative humidity is decreased in the environmental cell (E) until the peak due to water in the Raman spectrum disappears (F). The disappearance of the water peak indicates efflorescence.
sulfate particles coated with palmitic acid had water uptake and loss characteristics similar to that of pure ammonium sulfate. At temperatures ranging from 245 to 265 K, the coated particles deliquesced (diamonds) at average RH values between 73% and 77% RH and effloresced at approximately 35% RH.
Water uptake experiments were also performed on pure palmitic acid particles. It was found that over the range of 0-100% RH, the particles did not deliquesce. Pure palmitic acid is considered a nondeliquescent material due to its low solubility in water [0.0007 g∕100 mL, (17) ]. The lack of water uptake using the Raman system confirms that it is a nondeliquescent material. Therefore, these points do not appear in Fig. 2 .
Water uptake and loss experiments for each type of particle were performed at temperatures as low as 235 K. At 235 K, it was found that ice nucleated on a small fraction of dry particles while other particles deliquesced. This result implies that at conditions around 235 K three different types of particles are possible: ice, effloresced, and deliquesced particles. Because of the complication of multiple particle types, the DRH and ERH were not determined at 235 K.
Garland et al. (18) previously performed water uptake experiments on freely floating ammonium sulfate particles coated with palmitic acid using a flow tube apparatus at 273 K (filled triangle). The current results with the coated particles are consistent with Garland et al. (18) in that the palmitic acid coating did not appreciably affect the water uptake characteristics of the particles. However, the experiments performed here extend the work of Garland et al. (18) by providing data at lower temperatures. Furthermore, Garland et al. (18) did not study individual particles or ice nucleation.
Depositional Ice Nucleation. Because the DRH and ERH of mixed ammonium sulfate/palmitic acid particles are similar to pure ammonium sulfate, and ammonium sulfate is thought to be frequently dry in the upper troposphere (1), mixed particles should similarly be dry part of the time. Depositional ice nucleation on solid ammonium sulfate particles has been previously studied using flow tubes (12) , cloud chambers (8, 10) , and hydrophobic supports (8, 11) . In a recent study, Baustian et al. (9) showed that solid ammonium sulfate can act as an efficient ice nucleus with S ice values of 1.10 AE 0.07 at temperatures between 214 and 235 K. Depositional ice nucleation on solid ammonium sulfate was 9) (solid line), namely, that depositional ice nucleation on solid ammonium sulfate particles occurs at an S ice value of approximately 1.10. Furthermore, the S ice values determined here are similar to those observed by others using different techniques (8, (10) (11) (12) . Thus the substrate does not appear to affect depositional ice nucleation on ammonium sulfate particles. There was no dependence of the value of S ice on ice nuclei size and the same particle did not nucleate ice twice if depositional ice nucleation experiments were repeated. These findings illustrate the seemingly random nature of depositional ice nucleation on particles having the same nominal composition. Froyd et al. (5) also observed no preference of freezing by larger particles. Because both solid and deliquesced ammonium sulfate particles were present at 235 K, S ice was not determined at this temperature.
Depositional ice nucleation experiments were also performed on pure palmitic acid particles and ammonium sulfate particles coated with palmitic acid. The S ice values for pure palmitic acid particles are shown as filled squares in Fig. 3 . It can be seen that pure palmitic acid particles are less efficient ice nuclei than ammonium sulfate, especially at low temperatures (S ice ranging from 1.25 to 1.50). The dashed/dotted line in Fig. 3 represents a linear fit of these data from 220 to 230 K. This result is consistent with Baustian et al. (9) who saw that pure glutaric acid particles depositionally nucleated ice at higher S ice values than pure ammonium sulfate.
A typical depositional ice nucleation experiment for ammonium sulfate coated with palmitic acid is presented in Fig. 4 . Fig. 4A shows the first ice crystal (at 50× magnification) to nucleate. After ice formation, the particle was slowly heated and the RH reduced to 0% so that ice sublimed from the particle. The Raman spectrum in Fig. 4B was collected from the particle that nucleated the ice (shown at 100× magnification in Fig. 4C ). The spectrum of the particle contained both ammonium sulfate and palmitic acid features and was thus consistent with an internally mixed particle. Temperature (K) Fig. 3 . S ice versus temperature for the various particles in this study: ammonium sulfate (○), ammonium sulfate coated with pure palmitic acid (⋄), processed ammonium sulfate coated with palmitic acid (⋈), and palmitic acid (▪). The dashed/dotted line represents a fit to the palmitic acid data and the solid line represents a fit to the depositional ice nucleation data on ammonium sulfate collected by Baustian et al. (9) .
Numerous ice nucleation experiments were performed on coated ammonium sulfate particles. The results of these experiments are included in Fig. 3 (open diamonds) . Over the temperature range studied, the coated particles act as efficient ice nuclei with S ice values comparable to pure ammonium sulfate particles and much lower than pure palmitic acid. As an additional check on the ice nucleating ability of the coated particles, depositional ice nucleation experiments were performed on mixed particles that were first deliquesced and then effloresced prior to ice nucleation. The S ice values for "processed" particles are shown as open bow ties in Fig. 3 . The processed particles exhibited the same ice nucleating ability as particles that were not processed prior to ice nucleation.
Composition of the Coated Particles. To gain insight into why ammonium sulfate particles coated with palmitic acid had the same DRH, ERH, and ice nucleating abilities as pure ammonium sulfate, additional experiments were performed probing the morphology of the mixed particles. The coating thickness was first estimated using a TSI aerodynamic particle sizer. The mode aerodynamic diameter of pure ammonium sulfate particles was found to be 0.78 μm. The mode aerodynamic diameter of the coated ammonium sulfate particles was found to be 0.90 μm. A rough calculation of coating thickness was carried out assuming that the palmitic acid covered the ammonium sulfate evenly. Using this information, the thickness of the coating was determined to be approximately 0.12 μm and the percent by mass of palmitic acid in the particles to be approximately 47% (see Materials and Methods for details).
It is possible that the ammonium sulfate particles in this study were not evenly coated with palmitic acid. Therefore, the Raman microscope was used to determine which portions of a single particle contained ammonium sulfate and which portions contained palmitic acid. Fig. 4 , panel D shows the particle that nucleated ice (panel C) mapped for ammonium sulfate and palmitic acid. The first map shows where ammonium sulfate is concentrated in the particle. The hot colors correspond to high ammonium sulfate concentrations and the cold colors correspond to low concentrations. The second map shows where palmitic acid is concentrated in the particle. The dark gray colors correspond to high palmitic acid concentrations and light gray colors correspond to low palmitic acid concentrations. The final map is an overlay of the ammonium sulfate map and the palmitic acid map.
The particle shown in Fig. 4 contains ammonium sulfate and palmitic acid with the greatest concentration of each component near the center of the particle. Due to the spherical nature of each particle, the laser beam of the Raman microscope interacts more with the center of the particle (which is thicker) than the edges. Therefore, it is reasonable that the center appears to have more of each component than the edges. However, some portions of the edge of each particle contain only palmitic acid and some portions contain only ammonium sulfate. The arrows in panel D highlight a portion of the particle where only palmitic acid or only ammonium sulfate is located. It is apparent that some of the surface of the coated particle contains only ammonium sulfate and some of the surface of the coated particle contains only palmitic acid. Numerous mixed particles were mapped in the same manner and they all had similar morphology to the particle shown in Fig. 4 .
Discussion
A myriad of water uptake experiments have been carried out with inorganic particles containing soluble and insoluble organic compounds at room temperature. Studies of mixed inorganic and soluble organic compounds generally show that the addition of the organic compound decreases the DRH (i.e., (19) (20) (21) (22) (23) (24) ). In contrast, studies of salts mixed with insoluble organic compounds typically indicate that the organic compound has little influence on the DRH. (21) studied the water uptake characteristics of internally mixed ammonium sulfate and pinonic acid. Each study was carried out at temperatures close to 298 K. The conclusions of each of these studies were that the DRH of the internally mixed particles resembled that of pure ammonium sulfate particles. The only difference between the DRH of ammonium sulfate and that of the internally mixed particles was that in some mixtures, the mixed particles began to take up water as low as 70% RH. Najera and Horn (27) determined that the DRH of ammonium sulfate particles (at 295 K) was slightly lowered or not affected at all by the presence of various thicknesses of oleic acid (21, 44 and 109 nm). Chan and Chan (28) found that when ammonium sulfate was coated with 34 wt% octanoic acid, mass transfer of water to and through the organic coating led to a significant delay in deliquescence and efflorescence but that the particles the particles still deliquesced at ∼83% similar to that of pure ammonium sulfate.
The current work on the water uptake and loss characteristics of ammonium sulfate particles coated with an insoluble organic compound finds similar results to the work done in the past. Specifically, the coated particles have the same DRH as pure ammonium sulfate and the coating does not affect the ERH. A hypothesis used to explain this type of behavior is that the insoluble organic coating generated on the ammonium sulfate particles is incomplete (i.e. (18, 27) ). Thus a portion of the ammonium sulfate core is exposed to ambient relative humidity, which then dictates the water uptake and loss characteristics of the entire particle. The mapping experiments shown here indicate that the coating can be incomplete, thus explaining the water uptake and loss experiments in the present work, and possible past work as well.
The current work agrees with Baustian et al. (9) in that ammonium sulfate particles are good ice nuclei whereas organic particles are inefficient ice nuclei. The same hypothesis used Fig. 4 . Depositional ice nucleation experiment conducted on ammonium sulfate particles coated with palmitic acid. (A) The first ice particle that nucleated on the substrate. The Raman spectrum (B) was collected from the mixed particle that nucleated ice (boxed in C). (D) A compositional map of the ice nucleating particle. The first map shows the area of the particle that contains ammonium sulfate. The hot colors on the map indicate a high ammonium sulfate concentration, whereas the cold colors indicate areas of low ammonium sulfate concentration. The second map shows the area of the particle that contains palmitic acid. The dark gray areas on the map indicate a high palmitic acid concentration, whereas the lighter gray areas indicate areas of low palmitic acid concentration. The final map is the combination of the ammonium sulfate and organic maps.
to explain the DRH and ERH data can be used to explain the ice nucleating ability of the coated particles. The mapping experiments show that portions of the coated particles are composed of pure ammonium sulfate with no organic present. Therefore, this portion of the particle can induce depositional nucleation with the same efficiency as a pure ammonium sulfate particle. Thus, the organic coating does not influence the ice nucleating ability of mixed particles.
Using the RH of air parcels in a trajectory study in the tropical tropopause region, Jensen et al. (1) showed that if the ambient particles were pure ammonium sulfate they would be solid 20-80% of the time. Using this information and the fact that measured ice properties do not support a homogeneous ice nucleation pathway in the tropical tropopause region, Jensen et al. (1) hypothesized that solid ammonium sulfate particles are potential ice nuclei candidates. However, recent work by Froyd et al. (5) showed that the particles in this region of the upper troposphere are predominately sulfates mixed with organic compounds.
The results presented in this study show that, at temperatures between 240 and 270 K, the deliquescence and efflorescence phase transitions of ammonium sulfate and mixed ammonium sulfate/organic particles are similar. Furthermore, at temperatures between 220 and 230 K, the ice nucleation characteristics of ammonium sulfate and mixed particles are similar. These results suggest that, even if ammonium sulfate particles were mixed with organic compounds, they could still be potential ice nuclei candidates according to the Jensen et al.
(1) hypothesis.
The modeling studies presented by Jensen et al. (1) were carried out at temperatures below 200 K. In order for the experiments presented here to support Jensen et al. (1) , the data must be extrapolated to temperatures less than 200 K. There is a slight temperature dependence in the RH values at which the deliquescence phase transition occurred over the temperature range studied. The deliquescence data for both pure ammonium sulfate and mixed particles are similar to that found by Onasch et al. (15) . Using a linear fit to the deliquescence data determined by Onasch et al. (15) between 245 and 290 K (DRH ¼ −0.0658ðTÞ þ 99.25 where T is temperature in Kelvin), the DRH of both ammonium sulfate and the mixed particles is approximately 86% RH at 195 K. There does not appear to be a temperature dependence in the RH values at which the efflorescence phase transition occurred over the temperature range studied. Extrapolation of the data to 195 K would result in an ERH of approximately 34% RH for both pure ammonium sulfate and mixed particles. If the organic compounds observed by Froyd et al. (5) are similar to the insoluble palmitic acid studied here, mixed particles in the tropical tropopause region could likely be solid as well, even at the lower temperatures of the tropical tropopause.
Similarly there is a small temperature dependence in the S ice values for pure ammonium sulfate and the mixed particles over the temperature range studied. However, the S ice values observed for the pure ammonium sulfate and the mixed particles are approximately the same and they are consistent with S ice values determined by Baustian et al. (9) . Therefore, the fit to the S ice data determined by Baustian et al. (9) can be used to extrapolate the data presented here to 195 K. Extrapolating our data to 195 K results in an S ice value of approximately 1.2 for both pure ammonium sulfate and mixed particles. This value is still much lower than that needed for homogeneous ice nucleation. It is thus plausible that depositional ice nucleation on solid particles controls cirrus cloud nucleation in the tropical tropopause region, in contrast to previous assumptions of homogeneous nucleation. Because heterogeneous nucleation is selective, the resulting ice particles will be fewer in number, yet larger, than particles formed in homogeneous nucleation. Whereas past studies have suggested mineral particles as a dominant heterogeneous ice nucleator in convective regions at warmer temperatures, the present works suggests heterogeneous nucleation on sulfate particles may be far more prevalent than previously believed in the atmosphere.
Materials and Methods
Particle Generation. Deliquescence, efflorescence, and depositional ice nucleation experiments were carried out on three different types of particles: pure ammonium sulfate, ammonium sulfate coated with palmitic acid, and pure palmitic acid. Each type of particle required a different generation technique as described below. The diameters of all particles ranged from approximately 1 to 10 μm with typical values close to 5 μm.
Ammonium sulfate particles were generated by feeding a 10 wt% ammonium sulfate solution at 2 mL∕ min into an atomizer (TSI 3076) using a Harvard apparatus syringe pump. Prepurified nitrogen gas at a flow rate of 3,000 ccm was used to operate the atomizer. The particles exiting the atomizer were then impacted onto a hydrophobic quartz disc for analysis.
The experimental setup used to produce ammonium sulfate particles coated with palmitic acid was modified from Garland et al. (18) . Ammonium sulfate particles were first generated as described above. A stream of palmitic acid vapor was created by passing nitrogen gas at 1,000 ccm over hot palmitic acid contained in a flask. The temperature of the palmitic acid was maintained at 150°C using a heated oil bath (Dow 710) which enveloped the flask. The streams were combined in a stainless steel tube maintained at a temperature of 150°C. The combined flow rate was reduced to 500 ccm and then passed into a four-stage coating oven similar to that used in Han and Martin (29) . The first stage of the coating oven was maintained at a temperature of 150°C. The second, third, and fourth stages were maintained at temperatures of 120, 90, and 60°C, respectively. The coated ammonium sulfate particle stream exiting the oven was then combined with 3,000 ccm of nitrogen and introduced into a flask containing molecular sieve to ensure the particles were dry prior to collection. Particles were then collected for ∼10 s using a three-stage cascade impactor. The particles collected on the hydrophobic quartz disc contained in the second stage of the impactor were used for analysis.
Pure palmitic acid particles were generated with the experimental apparatus described above using the same flow rates and temperatures for coated particles. However, the ammonium sulfate syringe pump was turned off so that no ammonium sulfate particles were introduced to the system. Determination of Deliquescence, Efflorescence, and Depositional Ice Nucleation. A Nicolet Almega XR Dispersive Raman spectrometer outfitted with a modified Linkham THMS600 environmental cell, a Buck Research Instruments CR-1A chilled mirror hygrometer, and a Linkham automated temperature controller was used to study deliquescence, efflorescence, and depositional ice nucleation onto the particles. The Raman spectrometer is also equipped with an Olympus BX51 research-grade optical microscope. The optical microscope has the capability to magnify particles 10, 20, 50, and 100×. The same experimental setup and procedure was used in Baustian et al. (9) to study depositional ice nucleation on external mixtures of ammonium sulfate and glutaric acid particles.
Determination of Particle Composition. The Raman spectrometer has the ability to map different regions of supermicron particles to assess compositional variability. The compositional variability of ammonium sulfate particles coated with palmitic acid was determined by obtaining Raman spectra in two dimensions every 0.4 μm surrounding the surface of an individual particle. Because each spectrum showed mixtures of ammonium sulfate and palmitic acid, two different maps were created to determine compositional variability. One map was created using the intensity of the 960 cm −1 sulfate stretch. This map shows where ammonium sulfate is present in the particle. The other map was created using the intensity of the 2; 853 cm −1 C-H stretch. This map shows where the palmitic acid is located.
In addition to mapping particles using the Raman spectrometer, a TSI model 3321 aerodynamic particle sizer (APS) was used to determine the mode geometric diameter (d g ) of uncoated and coated ammonium sulfate particles. The APS measured aerodynamic diameter (d a ); therefore, several assumptions were made to determine d g of each type of particle. Equation 28 from DeCarlo et al. (30) relates d a to volume equivalent diameter (d ve ). Assuming the coated and uncoated particles were spherical, the coating was even, and the Cunningham slip correction factors (for d ve and d a ) were identical:
, where ρ p is the density of the particle. For spherical particles, d g ¼ d ve . Because the density of the coated particles was unknown, it was first assumed that the coated particles consisted of 99 wt% palmitic acid and 1 wt% ammonium sulfate. Using this composition, a density was calculated as a weighted average and d g of the coated particles was determined. In combination with the volume of the uncoated particles, the weight percent of ammonium sulfate and palmitic acid in the mixed particles was calculated. Because this calculation yielded a different composition than the composition originally assumed, a new density was calculated. This process was then iterated until d g of the mixed particles converged to one value. As a validation of this methodology, the calculations were rerun assuming an initial concentration of 1 wt% palmitic acid and 99 wt% ammonium sulfate. Using this composition as a starting point yielded the same results as the previous calculations. For the experiments presented here, d a , ρ p , and d g
